Lack of Evidence for Transmission of 'Candidatus
Huanglongbing (HLB), greening, vein phloem degeneration, and yellow shoot are different names for the most serious disease of citrus (4) . HLB is the accepted name of the disease (9). The disease was described first from India early in the 20th century (20) . There is no published account of HLB in China until 1956, although the disease is now widespread in that country (4, 30) . During the 20th century, the disease was reported throughout southeast Asia and the regions bordering the Indian Ocean basin as well as in southern and eastern Africa. HLB was not known to be present in the Western Hemisphere until it was reported to be widespread in Brazil (36) and Florida (13) Symptoms (17) of the disease include a distinctive mottle on fully expanded leaves. Leaves with mottle develop on shoots that are irregularly distributed in the diseased tree as the shoots mature. Infected shoots also are stunted and gradually die as the symptoms appear in other sectors of the tree. Fruit from affected branches can be lopsided, with a color inversion as the fruit ripens, remaining green at the stylar end of the fruit. Yield is reduced directly by fruit drop and indirectly by gradual tree decline and death. Juice produced from fruit from affected trees is of low quality, being similar to juice from immature fruit (10) . Affected trees can produce fruit which can contain aborted seed (4, 35) , suggesting that seed can become contaminated with the putative pathogen, and there is a previous preliminary report of transmission of the pathogen through seed taken from affected fruit (39) . Symptoms of the disease are strongly associated by both electron microscopy (15) and polymerase chain reaction (PCR)-based assays (22, 31) and, most recently, by metagenomic analysis (40) with the presence of bacteria in the phloem of infected trees. In spite of numerous attempts (11, 14, 16, 33) , the bacterium is not available in culture and, hence, Koch's postulates have not been formally completed. Although symptoms of the disease in Asia, North and South America, and southern Africa are similar, analysis of the 16S ribosomal RNA gene of the HLB-associated bacteria from these regions has led to the recognition of three species of the 'Candidatus' genus Liberibacter: 'Candidatus Liberibacter asiaticus', 'Ca. Liberibacter africanus', and 'Ca. L. americanus' (22, 37) . These three 'Ca. Liberibacter spp.' are members of the α-subdivision of the phylum Proteobacteria (21) and are the putative pathogens associated with HLB. The recently published full-genome sequence places 'Ca. L. asiaticus' within the family Rhizobiaceae, though with a greatly reduced genome compared with other members of that family (12, 40) .
Our knowledge of modes of transmission within 'Ca. Liberibacter' is incomplete. 'Ca. L. africanus' has been shown to be transmitted vertically through the eggs of its insect vector, Trioza erytreae (41) . In addition, 'Ca. L. psyllaurous' (syn. 'Ca. L. solanacearum'), a putative pathogen of potato associated with a yellows disorder, has been reported to be vertically transmitted through the eggs of the psyllid vector Bactericera cockerelli (Sulc) (18) . In addition to the disease in potato, 'Ca. L. solanacearum' has been associated with a similar and serious disease of greenhouse tomato following the introduction of B. cockerelli into New Zealand and with the zebra chip disease of potato tubers in the United States (28, 29, 34) . Transmission of 'Ca. L. asiaticus' through infected citrus seed has been reported (39) based on the rapid appearance of HLB-like symptoms in seedlings when apparently healthy seed harvested from symptomatic fruit were planted. 'Ca. L. asiaticus' was also readily detected throughout HLB-affected fruit by quantitative qPCR (26, 35) and in the seed coat but not the embryos of limited numbers of seed collected from HLB-affected fruit (35) .
In view of the above, the purpose of this work was to provide evidence for or against the hypothesis that 'Ca. L. asiaticus' can be transmitted vertically through seed to seedlings. This information is cru-cial to management of HLB disease. The planting of 'Ca. L. asiaticus'-free trees is a critical component of a comprehensive strategy to manage HLB. Millions of 'Ca. L. asiaticus'-free trees are produced annually after propagation from bud sources tested for the presence of the pathogen. These trees are grown under screen to shield them from citrus psyllids to assure that, when planted, they are free of 'Ca. L. asiaticus.' In contrast to the scion budwood, the rootstocks used to produce these trees are grown from seed, obtained from fruit produced on trees that are not protected from the citrus psyllids. Thus, if the trees used to obtain seed for use as rootstocks were infected with 'Ca. L. asiaticus', and if the pathogen could be transmitted through seed, the effort to control HLB disease would be compromised. Also, citrus germplasm is often exchanged as seed and, thus, a pathway for the potential introduction of HLB into previously HLB-free regions would exist.
MATERIALS AND METHODS
Seed and seedlings-Lake Alfred. A set of 360 sweet orange (Citrus sinensis (L.) Osbeck) seed was collected from fruit harvested from HLB-symptomatic and qPCR-positive trees for an unrelated juice quality study (10) . The cycle threshold (Ct) values determined by qPCR for the trees from which the fruit was harvested, assayed from leaf midribs (26) , were always below 32 and generally were between 25 and 28. Fruit harvested from the symptomatic and qPCR-positive trees were divided into groups (Table 1) depending on the symptoms visible on the fruit, either asymptomatic (group I) or symptomatic (group II; Fig. 1 ). Seed from a third set of fruit from the same source trees but for which disease symptoms were not evaluated were also tested (group III; fruit symptoms undetermined). An additional 90 seeds were collected from fruit produced by healthy-appearing and qPCRnegative sweet orange trees (group IV, negative controls). All seed were sown, including discolored or shriveled seed, The seedlings were grown in a certified psyllid-free greenhouse and were observed regularly for blotchy leaf mottle, stunting, and chlorosis, the typical symptoms of HLB.
Seed and seedlings-Beltsville. Fruit showing clear symptoms of HLB (Fig. 2) were collected from HLB-diseased trees identified in the course of disease surveys carried out by the Florida Department of Agriculture and Consumer Services, Department of Plant Industry (DPI). Samples from the trees and branches bearing the fruit tested positive for the presence of 'Ca. L. asiaticus' by PCR and gel electrophoresis (22) . The identity of some of the amplicons was confirmed as 'Ca. L. asiaticus' by DNA sequencing. This testing was done at the Advanced Diagnostic Laboratory, DPI, Gainesville, FL. Seed were removed from these fruit and shipped under phytosanitary permit to Beltsville, MD, between December 2005 and February 2006. The host and location of origin as well as the general condition of the seed were recorded. All seed were planted, including discolored or shriveled seed. The citrus and related plants tested included rough lemon (C. jambhiri Lush), sour or-
, and Murraya paniculata. Plants were grown in Metro-Mix 510 (Sun Gro Horticulture, Bellevue, WA) and fertilized by irrigation with nitrogen:phosphorus: potassium (21:5:19) with nitrogen at 100 ppm. Copper and iron were added to 2 and 6 ppm, respectively. Ambient light was supplemented with 4 h of high-pressure sodium lighting in the winter months. The greenhouse is very well screened and the citrus psyllid has never been detected in Maryland. The set of 363 seedlings that emerged was observed regularly for visual symptoms of HLB or other abnormalities and tested for 'Ca. L. asiaticus' by qPCR.
Testing of seedlings for 'Ca. L. asiaticus' by qPCR. Seedlings were tested for the presence of 'Ca. L. asiaticus' at 6 to 8, 18, 25, and 35 months after sowing (Beltsville) or at 7 to 10 months (Lake Alfred). Three fully expanded leaves were removed from each seedling. Midribs from the three leaves were separated from the leaf blade and pooled and minced with a razor blade. Chopped midribs (200 mg) constituted a sample. Total DNA from each sample was isolated using a FastPrep bead mill (MP Biomedical, Solon, OH) and stainless steel beads and a slightly modified DNeasybased procedure (Qiagen, Germantown, MD) as described previously (23, 24) . qPCR was carried out in a volume of 20 µl using previously described 16S ribosomal RNA specific primers and probes (24) shown to detect strains of 'Ca. L. asiaticus' from Florida as well as strains from Taiwan, Japan, Indonesia, and Brazil (25) . Each reaction tube included a primer and probe set to amplify the plant mitochondrial cytochrome oxidase gene (COX) as an internal control for the quality of extracted plant DNA. At Lake Alfred, all samples were run in duplicate. Positive controls consisting of extracts from plants known to be infected with 'Ca. L. asiaticus' were always included and extractions and assays were repeated if the COX or positive-control assays failed to amplify. Forty amplification cycles were used and extracts that failed to produce a product after 40 cycles were considered to be negative for 'Ca. L. asiaticus'.
Testing of sour orange seedlings for nucellar versus zygotic embryo origin. Nucellar embryony is common in citrus. Nucellar embryos are true clones of the maternal plant and do not arise from fertilization of an egg by pollen. The zygotic versus nucellar origins of embryos can be distinguished by analysis of heterozygosity. Twenty-four expressed-sequence tag simple-sequence repeat (EST-SSR) markers used in this study, along with the genotyping procedure, were previously developed and described (6,7). These 24 markers were selected for use in this study because they revealed heterozygosity in sweet orange in previous studies (6, 7) . In brief, fluorescent PCR products were separated with a Genetic Analyzer 3130xl (Applied Biosystems, Foster City, CA), to generate chromatography files. The alleles of each EST-SSR marker locus in the seedlings were scored from the files using the GeneMark software (SoftGenetics, State College, PA). The assays were conducted in a completely unbiased fashion by coding samples of DNA extracted from 13 seedlings with a typical growth phenotype and 10 seedlings with atypical growth phenotypes. DNA from these plants was provided for testing as coded samples in two sets. Some DNA samples were included in both sample sets as controls for consistency of scoring. Marker genotype shifts from heterozygous to homozygous at one or more loci are indicative of a zygotic embryo originating from self-pollination. In other words, seedlings with aa or bb genotype produced by their parent with ab genotype (heterozygous locus) must be zygotic whereas seedlings with ab at the locus are either zygotic or nucellar. Unique alleles are indicative of a zygotic embryo arising from out-crossing.
RESULTS
Lake Alfred. None of the 360 seedlings produced from seed obtained from fruit borne on HLB-symptomatic and qPCR-positive trees displayed symptoms of HLB, and qPCR assays did not detect 'Ca. L. asiaticus' in these seedlings after 40 cycles of amplification. Likewise, none of the 90 seedlings produced from HLB symptom-free fruit from healthy trees had symptoms of HLB, and qPCR assays did not detect 'Ca. L. asiaticus' in these seedlings (Table 1) .
Beltsville. In total, 363 seedlings were grown for analysis (Table 2 ). These seedlings were tested four times over a period of 3 years while growing in an insect-proof greenhouse. In total, 1,216 DNA extractions and assays were completed. In no case was any amplification of 'Ca. L. asiaticus' sequence obtained from extracts of the tested seedlings with 40 amplification cycles, although the positive control samples provided Ct values of 20 to 23.
Ten of the sour orange seedlings developed atypically (Fig. 3) but none of these seedlings tested positive for 'Ca. L. asiaticus' by qPCR. Atypical development included stunting, with or without mild to severe leaf malformation or a tendency for excessive branching. Yellow shoots, blotchy mottle, and progressive chlorosis leading to shoot dieback (symptoms typical of HLB) were not observed. Because of the atypical development observed in some of the seedlings, a final set of extractions from 61 surviving sour orange seedlings (typical and atypical) was made 42 months after sowing. These included two sets of samples from midribs and three sets of samples from the roots. In these tests, the mean Ct value of the positive control for 'Ca. L. asiaticus' included in each set of reactions was 20.3 and the mean value of the COX assay in the positive control tubes was 19.5. The mean value of the COX assays of the test samples themselves was 18.9. None of these extracts tested positive for 'Ca. L. asiaticus' after 40 cycles of amplification.
Because the atypical development observed in several of the sour orange seedlings could not be associated with 'Ca. L. asiaticus', the hypothesis that the atypical seedlings were the result of zygotic embryogenesis was tested. Such seedlings are routinely found from certain crosses made in breeding programs and may also occur in populations of rootstock seedlings in citrus-production nurseries where they would routinely be destroyed. Therefore, the genotypes of all 10 of the atypical seedlings and 13 normal seedlings were tested with up to 24 unique EST-SSR loci to distinguish definitively the zygotic from nucellar seedlings. Zygotics were distinguished by segregation from heterozygous to homozygous at one or more loci. No unique alleles were found, indicating that all of the zygotic seedlings were most likely the result of self-fecundation. In comparing the dataset generated on seedling embryo origins with the phenotypes of the seedlings used to extract DNA, all of the plants exhibiting atypical development (Fig. 3) were shown to be zygotic, and all of the plants with typical development had marker genotypes expected for nucellar sour orange seedlings (Table 3) . DNA extracts present in both sample sets provided identical results.
DISCUSSION
There are other vascular pathogens of citrus with disease epidemiologies similar in many respects to 'Ca. L. asiaticus' and HLB. These include Xylella fastidiosa, a member of the γ-subdivision of the phylum Proteobacteria. This pathogen lives in the xylem vessels of sweet orange trees and causes a serious disease in South America called citrus variegated chlorosis (5, 19) . Spiroplasma citri, a mollicute, lives in the phloem vessels of infected citrus and causes citrus stubborn disease in California and the Mediterranean basin, where it is transmitted by the leafhoppers, Circulifer tenellus (Baker) and Scaphytopius nitridus (DeLong). Two different phytoplasmas have recently been associated with disease symptoms in sweet orange that are very difficult to distinguish from HLB. In São Paulo, Brazil, a member of the pigeon pea witches'-broom group (16Sr IX) causes symptoms very similar to HLB over a wide area but at low incidence. In these plants, 'Ca. L. asiaticus' could not be found, and the pathogen was thought to be transmitted by insects from surrounding vegetation (38) . In Guangdong, China, a member of the aster yellows group (16Sr I-B) of phytoplasmas has also been detected in suspected HLB-diseased plants by PCR. In this study, co-infection of plants with both 'Ca. L. asiaticus' and 'Ca. Phytoplasma asteris' was observed more frequently in samples than was either pathogen alone (8) . There is no information available on transmission through seed of these phytoplasma. S. citri and X. fastidiosa are both known to heavily infect the seed coat of infected sweet orange (3, 27) . X. fastidiosa also has been reported to be vertically transmitted through infected seed (27) . We are not aware of published work on whether or not S. citri is transmitted through sweet orange seed; however, this was tested in California with negative results, which were not published (I.-M. Lee, personal communication). Citrus seed often are aborted in HLB-symptomatic fruit (4,17; Fig. 2) , suggesting that the HLB-associated pathogen is able to reach the seed. 'Ca. L. asiaticus' has been detected in portions of citrus fruit, including the peduncle and columella (26, 35) as well as in the seed coat, but not in the combined endosperm and embryo tissues, although a faint band attributed to contamination from the seed coat was observed when the latter extract was assayed (35) . In order to be transmitted to seedlings, the pathogen would have to pass from the vascular system present in the seed coat through the chalazal cup, a permeable layer of cells that separates the embryo from the vascular system of the mother plant (32) . Water and all nutrients necessary to support the development of the embryos pass through this layer of cells. The pathogen would then have to locate and enter the phloem cells, which are not visibly differentiated in sweet orange seed (32) . How this would be accomplished is completely unknown and beyond the scope of this study.
We reasoned that, if 'Ca. L. asiaticus' were transmitted through seed, transmission would most likely occur from fruit showing symptoms of the disease (lopsidedness, color inversion, and bitter juice) produced on trees with HLB symptoms. We also reasoned that infected seedlings should show symptoms of HLB, as reported earlier (39) . Because HLB symptoms can be confusing and nonspecific, HLB diagnosis should be confirmed by qPCR (24) . This confirmation was not available for the earlier study. Fruit of several varieties fitting this description were readily available in Florida and were collected from HLB-affected trees for use in the Beltsville study. Sweet orange fruit, collected separately with similar criteria for a juice quality study (10) , were also tested for transmission of 'Ca. L. asiaticus' through seed.
Seed were germinated and grown under greenhouse conditions. Leaf samples were collected and DNA extractions and qPCR tests were completed using standard methods (23, 24) . Tests in Florida were limited to one test at 7 to 10 months after sowing of the seed. No HLB symptoms were observed and no positive qPCR results were obtained from the 360 seedlings tested in Florida. Some of these seedlings have been maintained to date and remain free of HLB symptoms. In the Beltsville study, which included seven varieties of citrus plus M. paniculata, no symptoms of HLB were observed and no positive qPCR tests were obtained at 6 to 8 months after sowing. We reasoned that, although initial tests were negative, 'Ca. L. asiaticus' may be slow to establish in seedlings and populations might increase over time, leading to the production of both symptoms of HLB and detection of the putative pathogen by qPCR. Therefore, seedlings were grown for 3 years; however, no symptoms of HLB or positive qPCR results were observed in these further tests of the seedlings. These tests were done on midribs removed from fully matured leaves, a tissue which has been shown to have the highest titer of 'Ca. L. asiaticus' in infected trees (26) .
In the course of these studies, although blotchy leaf mottle symptoms typical of HLB were never observed in any seedling, several of the sour orange seedlings developed atypically. These developmental abnormalities included mild to severe stunting, increased branching, and mild to severe leaf distortions. All of the testing to this point had been done with leaf midribs but 'Ca. L. asiaticus' has been shown to colonize roots as well as above ground tissues of trees (26) . We considered the possibility that 'Ca. L. asiaticus' preferentially colonized seedling root tissues. Therefore, as a final test, samples from roots and midribs of 61 sour orange seedlings were tested by qPCR. All of these tests were also negative for 'Ca. L. asiaticus' after 40 cycles. All of the qPCR tests conducted at Lake Alfred and Beltsville included a plant DNA control (cytochrome oxidase) target to confirm template DNA quality, and each set of reactions contained a positive control for 'Ca. L. asiaticus'. Thus, these results are reliably and conclusively negative for the presence of 'Ca. L. asiaticus' in these seedlings.
We wished to provide an explanation for the atypical development of several of the sour orange seedlings grown from seed produced by HLB symptomatic fruit. DNA from the sour orange seedlings was tested further to determine whether the atypical development observed in some of the seedlings was related to a possible zygotic origin and consequent genetic recombination to yield seedlings with unusual phenotypic characteristics. Although the parental genotypes of these field-grown seedlings was not available because the original source trees had been eradicated, DNA samples from seedlings with the typical phenotype were available for comparison. In all cases, the EST-SSR genotypes of sour orange seedlings with the atypical developmental phenotypes revealed their zygotic origin from self-fecundation and the result of sexual recombination to produce novel genotypes. Typical seedlings were apparently nucellar embryos because no genotypic differences were found among the various loci surveyed. Inbreeding depression, characterized by weak and unthrifty plant phenotypes, is a common observation when zygotic seedlings are found among seedling populations from normally nucellar embryo citrus types. Taken together with the negative PCR results on even these unusual-appearing plants, we conclude that the atypical phenotypes are completely explained by virtue of their zygotic origins.
Other workers have carried out similar experiments and have published abstracts with results that differ from ours. Zhou et al. (42) reported the presence of 'Ca. L. asiaticus' in seed produced by experimentally inoculated periwinkle (Catharanthus roseus) and dodder plants (Cuscuta pentagona). The putative pathogen could be limited to the seed coat, as reported for 'Ca. L. asiaticus' in citrus (35) . However, this group also reported "mild" symptoms of HLB in seedlings. The symptoms were reversed by fertilization, which would not be expected with HLB. Also, the populations of 'Ca. L. asiaticus' as estimated by qPCR did not increase in these plants. These authors postulated an "undescribed component" required for HLB that was not transmitted through seed (42). Benyon et al. (2) reported transmission of 'Ca. L. asiaticus' through citrus seed but without "typical HLB." The population of the putative pathogen remained at very low levels in the seedlings, even after 3 years. It is impossible to evaluate these preliminary data critically and we await future complete descriptions of their experiments and data.
In conclusion, we have observed 723 seedlings grown from seed obtained from symptomatic fruit borne on trees that were symptomatic for HLB and which were confirmed to be positive for 'Ca. L. asiaticus' by either standard PCR or qPCR tests. None of these seedlings displayed yellow shoots, blotchy mottle, dieback, or other symptoms typical of HLB. None of the qPCR tests was positive for 'Ca. L. asiaticus' after 40 cycles of amplification. Thus, the earlier report of transmission of 'Ca. L. asiaticus' through citrus seed (39) is not confirmed, and we can provide no evidence that transmission of 'Ca. L. asiaticus' through citrus seed occurs, at least within the cultivars tested, even when seed from severely symptomatic fruit is sown. Our result is limited by the number of seedlings planted, grown, and tested. Testing of a larger number of seedlings could still detect transmission of the pathogen and, while this manuscript was in preparation, the results of such a study have ap- a Seedlings with either typical or various atypical growth patterns as described in text. Samples were provided for heterozygosity testing as two sets of coded DNA samples. DNA from some seedlings was used for independent tests in both sets 1 and 2. b Seedlings not confirmed as zygotics are very likely, but not certainly, nucellar seedlings. They revealed no loss of alleles or any unique alleles at the loci surveyed. c Eight EST-SSR loci (all heterozygous) were surveyed on the samples in set 1, and 24 (18 heterozygous) on those in set 2. Informative markers are those that revealed allele losses and, thus, identified plants originating from zygotic embryos.
peared. Albrecht and Bowman (1) reported on the testing of much larger numbers of rootstock seedlings grown from seed collected from HLB-exposed and 'Ca. L. asiaticus'-infected rootstock seed source trees in Florida. Most of the seedlings were evaluated for symptoms only, but 686 seedlings were tested by standard PCR over a period of 4 to 7 months. As in our study, symptoms of HLB were not observed in any of the seedlings. However, these authors reported weakly positive PCR results from two of these seedlings (1). The PCR-positive seedlings were not positive in subsequent tests. Regulatory officials and nurserymen may wish to take the results of these studies into account when planning citrus protection and production activities.
